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ONTHECRITICALPRESSURERATIOINAIR

ANDTHESPEEDOFSOUNDINNITROmN

ByColemandup.DonaldsonandJimJ.Jones

-.
SUMMARY

Expertientsweremadetomeasurethespeedofsoundh nitrogenat
roomtemperaturesh thepressurerangeofO to 2000poundspersquare
inch,andthecriticalpressureratioofairexpandedisentropically
fromstagnationconditionsinthesamersmge.Theexperhnentalresults
werethencomparedwiththevaluesobtainedby usingtheVanderWaals
equationandtheBeattie-Bridgemanequation.

Thespeedofsound,asmeasured,agreedwithin1.5percentwith
thatpredictedby theBeattie-Bridgemanequationandwithin4 percent
withthatpredictedby,theVanderWads equationovertheentiretest
range.Themeasuredcriticalpressureratioawed withthatpredicted
by theBeattie-Bridgemanequationwithintheexperimentalaccuracyof
thetestsandwiththatpredictedby theVanderWaalsequationwithin
1 percent.

INTRODUCTION

der
the
the

Equationsfortheisentropicflowofan imperfectgasobeyingVan
Wads*equationweredevelopedh reference1. Formostpurposes,
effectsof gaseousimperfectionswerefoundtobe small;therefore,
useofVanderWaalE’equationforthepredictionoftheseeffects

wouldbe desIrablebecauseof itsstiplicity.Severalothermethods
havebeenpu%lishedusfigmorecomplicatedandmoreaccurateequations
ofstateto representthetiperfectionsofa gas. Probablythemost
accuratemethodisthatpresentedinreference2, h whichthegaseous
tiperfectionsarerepresentedbytheBeattie-Bridgemanequation.The
method,however,isfarmorelaboriousthanthemethodofreference1.
Thepurposeofthisinvesti~tionwastomeasurethespeedofsoundand.
theinitialpressureratioovera widerangeofpressuresandto compare
theexperimentaldatawiththevaluespredictedby theVanderWaalsand
Ikattie-Bridgemanequations.,“
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%2=fect-es effectsmaybe largeat
contemplatedinwindtunnelsathypersonic
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thehighstagnationpressures -
Machnumberswhereit is

desirableto simulateas closelyaspossibletheflightReynoldsnwnber.
Stagnationpressuresupto 2000poundEpersquareinchabsoluteinthe
rangeof 500°F to 1500°F absoluteareof interestinthiswork.
Withinthisrange,largeeffectsresultingfromgaseousimperfections
areencounteredat lowstagnationtemperaturesandhighsta~ationpres-
sures.Ontheotherhand,theeffectoftheseforcesismuchsmaller
at thehighstagnationtemperaturesthroughoutthewholerangeofpres-
sures.Further,theeffectsofvibrationalheatcapacityat 1500°F
absoluteareofoppositesignto theVand.erWaalsforces,sothat
isolationoftheimperfect-gaseffectsisdifficult.Thesetestswere
thereforeLimitedtomeasuringtheeffectsofforcesoftheVanderWads
typeata stagnationtemperaturenear500°F absolute.Thespeed-of-
soundmeasurementsweremadeinnitrogenatpressuresuptoabout
2000poundspersquareinchabsolute,andthecritical-pressure-ratio
measurementsweremadefiah atpressuresupto 1800poundspersquare
inchabsolute.

a
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SYMBQIS

VanderWaalsconstant(tableI)

Beattie-Bridgemanconstant(tableI)

Beattie-Bridgemanconstant(tableI)

VanderWaalsconstant(tableI)

Beattie-Bridgeman

Beattie-Bridgeman

Beattie-Bridgeman

speedof soundin

speedof soundin

Beattie-Bridgeman

constant(tableI)

constant(tableI)

constant(tableI)

gas

perfectgas

.
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‘2 Beattie-Bridgeman

‘3 Beattie-Bridgeman

function
(

a’llo CBo

)
-bfBo+ — - —

RI! @

()b‘CBOfunction—
@

R universalgasconstant‘

T temperature

v specificvolume

7 ratioof specificheats

71 ratioof specificheatsinperfectgas

P massdensityof gas

APPARATUSANDMI?I’HODS

Thetwomostimportantparametersinvolvedinaerodynamicphenonma
thatshouldbepredictedaccuratelybyanytheorydevelopedforthe
imperfect-gaseffectsina flowinggasandthattightslsobe easily
measuredarethespeedof soundinthegasat a giventemperatureand
pressureandtheratiooflocalpressureto stagnationpressurefora
givenlocalllachnumber.Thefirstparamterisa measureof thenmst
importantrandompropertyofa gasfromconsiderationsof gasdynamics,
whereasthesecondpsmameteris a measureofthepressurerationeces-
saryto converta certainamountof randomkineticenergyto directed
kineticener~. .

Twocompletelydifferentsetsoftests,therefore,weremadein
apparatusspecificallydesignedforthepurposeofmeasuringeachof
thesequantities.Thespeedof soundinnitrogenatapproximatelyroom
temperaturewithpressuresfromO to2000poundspersquareinchabsolute
wasmeasuredandcomparedwiththeoreticalvalues.Thecritical

, pressureratiosforairexpandedtoMachnumbsr1 weremeasuredfor
stagnationpressuresofO tol&10poundspersquareinchabsoluteat
stagnationtemperaturesofabout~00°F absolute.Nitrogenratherthan

0 airwasselectedforthemeasurementof thespeedofsoundtopreclude
theoxidationhazard,sincetherewasno assurancethattheapparatus
couldbe maintainedfreeofoil.
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MeasurementoftheSpeedofSound .

Thespeedof soundina gasathighpressureswasmeasuredby the
useofanacousticalfiterferometerdesignedespeciallyforhigh
pressures.Theapparatusisshowninfigure1.

A csrefullycutquartzcrystalwhichproducedundistortedultra.
sonicwaveswasmm.ntedinoneendof a cylindricalsteelchamberfacing
a movablereflectorplate.Thecrystalholderandreflectorplatewere
coveredwithfeltexceptforan sreainthecenterapproximatelythe
sizeoftheendofthecrystal.Thisarrangementinsuredthatonly
thosewaveswhichhadtraveledin a straightpathbetweenthecrystal
andthereflectorplatewereallowedto effectthecrystal.The
reflectorplate,mountedon a threaded@aft,wasrovedrelativeto the
crystalby a handwheelontheexternalendoftheshaft.Thehsnd
wheelwasaccuratelycalibratedto showthepositionofthereflector
plate.A ball-bearingjointWSEinstalledintheshafttopreventthe
reflectorplatefromrotatimgwhenthehandwheelwasturned.

Thecrystalwasexcitedat itsnatL&aI.frequency(4c3,600cps)by
a standamlsignalgenerator(fig.2). The0.5-voltoutputofthe
generatorwassmplifiedto800voltsbeforetransmissionto thecrystal.
A voltmetermeasuredtheoutputoftheamplifierunitand,hence,the
powerabsorbedby thecrystal.Thevoltagefluctuationsindicatedby
thisvoltmeteras thereflectorplatewasnmvedcouldthusbe usedto
determinethepositionsofthereflectorplateforwhichthe’crystalwas

.,

alternatelyinandoutofresonance.Thus,thedistancemovedbythe
reflectorplatebetweensuccessivepeaksofthevoltmeterreadingswas
equalto one-halfthewavelengthofthesoundsignalgeneratedby the
crystal. .

Thefrequencyofthesignalwasme~uredby a frequencymeterand
anoscilloscope.Theoutputofthegeneratorandthefrequency-meter
outputwerebothputintotheoscilloscope,andwhentheresultant
patternontheoscilloscopewasstationary,thefreqtiencywasreadon
themeter.

.
Thetemperatureofthegash thetestchamberwasmeasuredby a

copper-constantanthermocouplelocatednearthecrystal.

Pressurewasregulatedby threehigh-pressurevalveslocated
betweenthehigh-pressurelineandthechsmiber(fig.1). A pressure
gagewasattachedoppositetheinletvalves.Graphitepackingwasused
inallpackingglsndsandwasfoundto holdpressureup to2000pounds
persquareinchabsolutefora shorttime. Frequentrepackingwaa
necessary.

.
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Allelectricalequipmentwasallowedtowarmupbeforetestswere

startedto insureconstantconditionsduringtesting.Nitrogenwas
thenadmittedfromthesupplytank,andthepressurewasadjustedby
meansofthevalves.Thevalveswereclosedduringtests.

Temperatureandfrequencywerenotedfrequentlyduringtests.Very
littlechangeineitherwasobserved.Thewavelengthwasdeterminedly
showingthechangeinpositionofthereflectorplateforsuccessive
maximumvoltmeterreadingsfortherangeofmovementofthereflector
plate.Numerousreadingsweretakenateachpressure.‘1’Qesereadings
wereaveragedto findan averagevalueofthewavelength.Inthe
rangeoftheseteststheappuatuswasbelievedtobe freeofdispersion
effectssincethete~eratureofthenitrogeninthetestchaniberwas
belowthatrequiredto excitethevibrationaldegreesof freedomofthe
moleculesandthefrequencyof thecrystalwastoolowto cause-alag
intheadjustmntof therotationaldegreesof freedomofthemolecules.

Theapparatuswassuchthatitwasableto repeatresultstowithin
0.5percent.Thethernmcouplewascheckedandfoundtobe accurateto “
within1°F. Thef!requencymterwasfoundaccuratetowithin
O.00~percent.Thecalibrationofthehandwheelwasaccumatetowithin
0.1percent.Theover-allaccuracyofthesystem,therefore,maybe
expectedtobe verygood.Breme caremustbe taken,however,in
eliminationof interferenceeffectsinthetestchamber.Surrounding
thecrystalholderandtheedgesofthereflectorplatewithfeltwas
foundtobenecessaryforaccurate,consistentreadings.Any SDMU
leakfithesystemcausedinaccuratereadingsbecauseoftheeffectsof
thecirculatingair.

MeasurementoftheCritical”PressureRatio

Inordertomeasurethecriticalpressureratio,a smsll,very-high-
pressuresettlingchamberan~nozzlewereconstructedas shownin
figure3. Theairsupplyforthisapparatusconsistedof30ordinary
compressed-airbottleswhichwerechargedwithdryairto a pressure
of2200poundspersquareinchabsoluteandconnectedto a cmmnonmani—
fold,whichwas,inturn,connectedby a high-pressurevalveto a
settlingchaniber.Thisapparatusisshownschematicsllyinfigure4.
Thenozzlewassoconstructedthatattheminimumsectionthepressure
onthecenterltieofthenozzleblocksandatthecenterlineofthe
sidewallscouldbemeasuredby calibratedhigh-pressuregages.The
settling<hamberpressurewaameasuredinthesameway,andthesettling-
chambertemperaturewasmeasuredby a thermocouple.

,

I
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Testswererunby openingwidethemainvalveafterallthebottles
hadbeenopenedontothecommnmanifold.Thestagnationpressureand
pressuresabouttheminimumsectionofthenozzle,aswell.asthe
stagnationtemperatures,wererecordedptitograph.icallyatintervalsas
thepressureinthesett~ chamberdecreased.

Becausethenozzlewassmallandtherateofdischargeoftheair
bottlesthereforeverylow,thestagnationtemperatureduringanyone
runhada negligiblevsriation.

Thecriticalpressureratiowasobtainedby averagingthepressures
onthecenterlineofthesidewsllsofthenozzlewiththatonthe
centerlineofthenozzleblocksbetweenthetwowslls.

RESULTSANDD192USSIOIV

Speedof%und

Theratioofthespeedof soundinnitrogen,asmeasuredata
temperatureof545°F absolute,tothespeedof soundina perfectgas
isplottedagainststagnationpressurein figure5. Thesedataare
comparedwiththeoreticalresultsobtainedbothby theVanderWaals
equation(reference1)

()22= ~2

c1 (V- b)2”*

andby theBeattie-Bridgemanequation(reference2)

IntherangeofpressuresbetweenO and2000poundspersquareinch
absoluteat545°F absolute,thespeedof soundmeasuredwaswithin
4 percentatthepointof~um deviationofthatpredictedby Vander
Wasls’equation,theerrorbeinglargestat2000poundspersquareinch
absolute.Thespeedof sound,asmeasured,waswithinapproximately
1.5 percentofthatpredictedby the~attie-Bridgemanequationoverthe
entirerangeofpressures.%me ofthediscrepancyletweenexperimnt
andthemoreexacttheorymayhavebeendueto experimental.error,since
inoperationtheapparatuswasnotaccuratetomorethan *0.5percent.

.
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Theremaining

7

smalldeviationoftheexperimentaldatafromtheBeattie-
Bridgemaneqyationisnotconsideredtobe significantbutispossibly
dueto someuntraceablepeculiarityinthecharacteristicsof thee~eri-
mentalapparatus.

CriticalPressureRatio

Thecriticalpressureratiosmeasuredduringa typicalrunata
stagnationtemperatureof5000F absoluteareshowninfigure6 compared
withthetheoreticalvaluescalculatedby theVanderWaalsequation
fromreference1 andwiththemoreexacttheoreticalvaluescalculated
by theEeattie-Bridge~equationofreference2.

Intherangeof stagnationpressuresbetweenO and18OOpoundsper
squareinchabsolutethecriticalpressureratio,asmeasured,was
within1.0percentovertheentirerangeofthatpredictedbyVander
Waals’equation.Thecriticalpressureratiomeasuredagreedeven.
betterwiththatpredictedby theBeattie-Bridgemaneqmtion.

CONCLUSIONS

Measurementshavebeenmadeofthespeedofsoundinnitrogenat
545°F absoluteatpressuresbetweenO and2000poundspersquaretich
absoluteandofthecriticalpressureratioinairat 500°F absolute
atpressuresbetweenO and1800poundsper,squareinchabsolute.

Thespeedofsound,asmeasured,agreedwith5n1.5percentthrough-
outtheentirerangewiththatcalculatedby theBeattie-Bridgeman
equationof stateandwithin4 percentoverthesamerange,although
thegreatesterroroccurredatthehighestpressures,withthatpredicted
by theVanderWaalsequationofstate.

Thecriticalpressure,asmeasuwd,a~eedwithintheexperimental
errorwiththatcalculatedby theBeattie-Bridgemanequationandagreed

——- -. — —..-
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within1.0percentovertheentirerangetestedwiththatpredictedby
theVanderWaalsequationof state.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Vs.,May14,151
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CONSTANTSFORUSE

TABLEI

INTEEIMPEWE7T-GASEQUATIOIVS

areused: pressureinlb/sqf%,
[
Thefollowingunits
densityin slugs/cuf%,andtempemture
inOFabs7

Constant Nitrogen Air

a 8.36x 105 8.76x 105

a’ 0.286 0.309

A 6.2 x 105
0

7.05x 105

b 0.65 0.654

b’ -0.257 -0.176

B. 0.691 0.738

c 5.23X 106 4.05x 106
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